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Abstract 
Coconut husk (CCH) as an abundant agricultural waste in Indonesia has the potential to be utilized for 
sugar production, which is the intermediate product of biofuel. In this study, subcritical water (SCW) 
assisted by nitrogen (N2) was developed to enhance the enzymatic hydrolysis of CCH. SCW process was 
optimized by varying the operation condition: the pressure of 60-100 bar, the temperature of 150-190 
°C, and the time of 20-60 min. The SCW-treated solid was subsequently hydrolyzed by utilizing a mix-
ture of commercial cellulase and xylanase enzymes. The result shows that the optimum total sugar 
yield was obtained under the mild condition of SCW treatment, resulting in the sugar of 15.67 % and 
10.31 % gained after SCW and enzymatic hydrolysis process, respectively. SEM and FTIR analysis of 
SCW-treated solid exhibited the deformation of lignin and solubilization of cellulose and hemicellulose, 
while XRD and TGA revealed an increase of the amount of crystalline part in the solid residue. The use 
of N2 in SCW treatment combined with enzymatic hydrolysis in this study suggested that the method 
can be considered economically for biofuel production from CCH waste in commercial scale. Copyright 
© 2020 BCREC Group. All rights reserved 
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1. Introduction 
Lignocellulose biomass is considered one of 
the most promising alternative renewable re-
sources for biofuel production due to its high en-
ergy security and abundant availability in na-
ture [1-3]. One of the potential lignocellulosic bi-
omass which can be utilized is coconut husk 
(CCH) waste. The CCH has a high content of 
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cellulose (26.72%) and hemicellulose (17.73%) 
[4-6]. Furthermore, the magnificent production 
of CCH in Indonesia (1 million ton/yr)  allows 
the commercialization of biofuel from this waste 
[7]. Unfortunately, the complexity of lignocellu-
lose structure and the high content of lignin 
(41.19%) in CCH hamper the bioprocess effec-
tiveness which deals with enzyme / microorgan-
ism activity to produce biofuel [8]. Therefore, 
prior to conversion, CCH must first be subjected 
to a pretreatment process in order to break the 
complex structure. 
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In recent years, some pretreatment process-
es for facilitating enzyme/bacteria to access bio-
mass substrate have been studied progressively 
[9]. The pretreatment process was applied to 
cleave the hindrance of biomass convolution 
and simultaneously guarantee the sufficient re-
lease of fermentable sugars to be metabolized 
to biofuel [10]. Up to date, some technologies 
using any chemicals, such as acid, base, ionic 
liquid, etc., is still the option of many research-
ers to obtain biofuels from lignocellulosic bio-
mass [11-14]. Although the yields are relatively 
high, the technologies produce many new un-
wanted waste problems which can actually in-
crease production costs for handling the waste 
[15].  
The subcritical water (SCW) process, as the 
sophisticated technology with some ad-
vantages: short reaction time, ease of handle 
and environmentally friendly, has been devel-
oped intensively [16-18]. Recently, studies 
about SCW is mainly focused on enhancing re-
ducing sugar production and prevent the for-
mation of inhibitors, which are toxic to several 
microorganisms that pose a threat to the biofu-
el producing organisms [19,20]. Modifying the 
SCW condition (pressure, temperature and re-
action time) is one of the factors to obtain the 
maximum reducing sugar yield. [21-23]. As a 
challenge, under the extreme treatment condi-
tion, it would not only enhance sugar produc-
tion but also increase the levels and distribu-
tion of the secondary products, which will in-
hibit the process significantly [24,25]. 
Another key factor affected secondary prod-
uct forming in SCW process is the type of pres-
surizing gas [26]. Commonly, carbon dioxide 
gas (CO2) is utilized as the pressurizing gas 
which can be an acid catalyst (HCO3-) in the 
SCW process. The catalyst helps the hydrolysis 
process of holocellulose [27]. In fact, CO2 is not 
the only gas that has the potential to increase 
the hydrolysis yield. In the previous study, it 
has been reported that nitrogen gas (N2) had 
hydrolysis effectiveness as well as CO2 gas. 
Furthermore, N2 could decrease dramatically 
Total Organic Carbon (TOC) of biomass com-
pared to CO2 [28]. On the other hand, N2 
showed a good hydrolysis performance even at 
extreme condition because of its inert charac-
teristic [29]. Although having great potential, 
from the literature studies, there is only a little 
information about the study of N2 gas perfor-
mance on the SCW hydrolysis process for sugar 
production from biomass, especially from coco-
nut husk waste. 
To address the aforementioned gap of re-
search, in this work, the performance of SCW 
assisted by N2 was investigated towards the 
enhancement of enzymatic hydrolysis. Sugar 
concentration obtained following SCW and en-
zymatic hydrolysis was analyzed statistically 
and discussed comprehensively. Some charac-
terization analysis, by means of Thermogravi-
metric (TG), Scanning electron microscopy 
(SEM), X-ray diffraction (XRD), and Fourier 
transform infrared spectroscopy (FTIR), was 
also conducted. Finally, the optimum operating 
condition of SCW assisted by N2 gas is pro-
posed to enhance sugar yield, minimize the op-
erational costs and prevent the side product 
formation. 
 
2. Materials and Methods 
2.1 Materials 
Coconut husk was collected in Manado, 
North Sulawesi, Indonesia. The preparation 
procedure of the sample was adapted from Mu-
harja et al. [29]. Some chemicals such as Di-
nitrosalycilic acid (DNS), cellulase from Asper-
gillus Niger, and xylanase from Trichoderma 
longibrachiatum were purchased from Sigma 
Aldrich, Japan. 
 
2.2 Methods 
2.2.1 Subcritical water (SCW) process 
The SCW equipment used in this study was 
modified from previous work [30], as depicted 
in Figure 1. It consists of two pressure gauge 
(1), three pressure regulator valve (2), a nitro-
gen gas cylinder (3), a stainless-steel reactor 
(4), a jacket heater (5), a thermocouple (6), and 
a PID controller (7). The safety of the process 
at high pressure and temperature was ensured 
by employing high safety materials for con-
structing the reactor such as providing high-
quality stainless steel (SS-316), the use of 
threaded reactor lid in order to prevent leak-Figure 1. Design of N2-assisted SCW apparatus.  
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age, as well as high quality Swagelok valves 
able to bear high pressure of up to 344 bar.  
The process was run by adding 6 g coconut 
husk and 120 mL distilled water inside the 
stainless-steel (SS-316) reactor and then sup-
plying the ultra-high purity (UHP) Nitrogen 
(N2) gas (PT. Aneka Gas, Sidoarjo, Indonesia) 
with varied pressure of 60-100 bar. The process 
parameters were set at temperatures of 150 to 
190 °C for 15 to 45 min since the condition 
reached. The heat was generated by an exter-
nal heater (ceramic band heater Type CF400, 
Thermotech Co., Ltd) and controlled by a Type 
K thermocouple and PID instrument which 
connected to the reactor. The process was run 
by the batch operation. After the reaction was 
complete, the reactor was cooled to ambient 
temperature. The pretreated sample was 
washed, filtered using an ashless filter paper 
(Whatman, UK) and then dried in the oven at a 
constant temperature of 60 °C and stored at 4 
°C prior to being analyzed. All of the experi-
ment was conducted in triplicate. 
 
2.2.2 Enzymatic hydrolysis   
The experimental and analytical procedures 
for enzymatic hydrolysis was conducted based 
on the best condition of earlier work [7]. All of 
the treated and untreated coconut husk was 
hydrolyzed using commercial cellulase and xy-
lanase simultaneously. The activity of each en-
zyme used in this hydrolysis process was 18.6 
U by mixing 9.530 mL cellulase and 3.857 ml 
xylanase with the activity of 1.952 and 5.185 
U/ml, respectively. The solid was run at 60 °C 
and 125 rpm in a modified incubator shaker. 
Reducing sugar concentration was analyzed 
every 4 h for 24 h. 
 
2.2.3 Analytical and characterization methods 
The reducing sugar concentration of liquid 
obtained from SCW and enzymatic hydrolysis 
process were measured by using Vis-
Spectrophotometer (CECIL 1001, Cambridge, 
United Kingdom) based on dinitro salicylic acid 
(DNS) method [31].  
Solids of unpretreated and SCW-treated at 
optimum condition were characterized to inves-
tigate the chemical composition changes using 
the following analysis.  Scanning Electron 
Microscopy (SEM) Evo MA 19 (Carl Zeiss, 
England) was utilized to visualize the 
qualitative alterations between solids. Fourier 
Transform Infrared (FT-IR) Nicolet iS10 
(Thermo Electron Co., USA) was used to deter-
mine the deformation and solubilization pro-
cess. Thermogravimetric (TG) SDT Q600 (TA 
Instrument, USA) was used to examine the 
thermal stability of samples. The last,  X-Ray 
Diffraction (XRD) X’Pert PRO (PANalytical 
B.V, Netherlands) was conducted to determine 
the crystallinity index (CrI) which was calcu-
lated according to the following empirical 
Equation (1). 
 
(1) 
 
 
where I200 is the intensity of the 200 peak (2θ = 
22.6°) and Iam is the intensity minimum be-
tween 200 and 110 (2θ = 18.7°) peaks [32]. 
 
Figure 2. SEM images of (a) unpretreated and (b) SCW-treated solid. 
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2.2.4 Statistical analysis and calculations 
The significance level of the SCW process 
parameter was determined by applying the 
analysis of variance (ANOVA) at a 95% 
confidence level utilizing Minitab 16 software 
package (Minitab Inc., ITS Surabaya, Indone-
sia). Sugar yield is calculated by Equation (2). 
 
(2) 
 
 
3. Results and Discussion 
3.1 Structural Changes of Solids After SCW 
Treatment 
3.1.1 SEM Analysis  
The surface morphology of untreated and 
SCW-treated solid was examined using SEM. 
Figure 2 shows the SEM images of (a) untreat-
ed and (b) SCW-treated solid at optimum con-
ditions (80 bar, 150 °C and 40 min). The figure 
reveals that the coconut husk  was ruptured af-
ter SCW process. The breakage of this struc-
ture demonstrates that the SCW pretreatment 
could efficiently disintegrate lignocellulose cell 
wall, resulting in exposure of internal struc-
ture [33]. This crystal structural changes have 
been managed to expose cellulose to enzyme 
access and increase the digestibility of enzy-
matic hydrolysis [34]. 
 
3.1.2 FTIR analysis 
The higher absorption intensity revealed 
the more functional groups in the solid samples 
[35]. The peak of several groups of the pre-
treated sample, such as O–H (3336), C–H 
(2919), C=H (1603), C–O (1032), decreased in 
intensity compared to samples without pre-
treatment. Simultaneously, the new functional 
groups emerged at a wavenumber of 1449 cm-1 
and 1103 cm-1.The FTIR spectra of untreated 
and SCW-treated sample are shown in Figure 
3. The IR Bands summary refers to the previ-
ous report by Pandey [35] as shown in Table 1. 
FTIR spectra exhibit a hydrogen-bonded    
O–H stretching absorption and C–H stretching 
absorption around 3336 cm-1 and 2919 cm-1,  
respectively. These indicate that the O–H and 
C–H bonding of lignocellulose diminished after 
SCW applied. The bands at 1603 cm-1 and 1510 
cm-1 show C=O stretching of lignin and C–O 
stretching of hemicellulose, respectively. It is 
related to the vibration of the aromatic ring of 
lignin and hemicellulose. Interestingly, the 
new band of C–O (at 1449 cm-1)  and C–H (at 
1103 cm-1) only appeared in the pretreated sol-
id indicating the presence of syringyl (S) and 
guaiacyl (G) units as the primary substruc-
tures of lignin, representing lignin degradation 
 SCW-treated 
Assignment 
Unpretreated  
Band Position Absorbance  Band Position Absorbance 
3330 0.088  3336 0.063 O–H stretch 
2916 0.054  2919 0.040 C–H stretching 
1605 0.096  1603 0.080 
Aromatic skeletal vibration + C = 
O stretching 
1508 0.069  1510 0.066 Aromatic skeletal vibration 
     1449 0.069 C–O of syringyl (S) ring 
1239 0.103  1231 0.092 C–O of guaiacyl (G) ring 
     1103 0.122 Guaiacyl C–H and syringyl C–H 
1031 0.195  1032 0.155 
C – O primary alcohol, guaiacyl 
(G) C–H 
Table 1. Identification of group bonds from FTIR diffraction 
Figure 3. FTIR spectra of unpretreated and 
SCW-treated solid. 
( )
( )
100%
mass of reducing sugar obtained g
TRS yield
mass of initial coconut husk g
= 
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after SCW applied [28,36]. In addition, the de-
crease of absorbance of C–O (at 1231 cm-1)  and 
C–H (at 1032 cm-1) revealed that SCW also re-
moved the guaiacyl units [35]. The difference of 
band intensities indicates the deformation of 
lignin and solubilization of both hemicellulose 
and cellulose after pretreatment proses. 
 
3.1.3 TG Analysis 
Ciftci and Saldana [37] reported that the 
degradation of lignocellulosic biomass was di-
vided into 4 different temperature ranges: <220 
°C, 220-315 °C, 315-400 °C, and >400 °C for 
moisture, hemicelluloses, cellulose, and lignin 
decomposition, respectively. Figure 4 shows 
weight losses at 220-315 °C for the untreated 
sample and treated sample (80 bar, 150 °C and 
40 min) were 22.69% and 14.4%, respectively. 
From the TG curve, treated solid also showed 
higher thermal stability compared to the un-
treated one. Untreated solid started to decom-
pose at around 200 °C while the SCW-treated 
coconut husk started at about 250 °C. These 
differences indicated that due to the high re-
moval of lignin, SCW-treated sample contains 
more massive crystalline structure which re-
quires higher decomposition temperature [38]. 
3.1.4 XRD Analysis 
Figure 5 shows a comparison of the diffrac-
tion patterns between untreated and SCW-
treated coconut husk at 80 bar, 150 °C and 40 
min. The SCW-treated coconut husk showed a 
broad diffraction pattern with higher intensity 
compared to the untreated coconut husk. CrI 
value increased from 39.75 to 52.79 %. Ciftci 
and Saldana [37] reported that the crystalline 
index of sweet blue lupin increased from 11.5% 
to 58.6% after SCW pretreatment. Mohan et al. 
[39] also reported the crystalline index of the 
sample increased from 50.55% to 65.83% after 
pretreatment. This can be explained by the 
degradation of amorphous lignin and hemicel-
lulose after SCW pretreatment, leading to an 
increase in the amount of crystalline part from 
cellulose enriched residue [40]. 
 
3.2 Reducing Sugar Obtained after SCW Pro-
cess. 
Besides changing the biomass solid, SCW 
also hydrolyzed the polymeric structure of holo-
cellulose to oligomeric/ monomeric sugar, 
which commonly called reducing sugar. This 
sugar can be fermented into biofuel by microor-
Figure 4. Thermo-gravimetric curves of unpre-
treated and SCW-treated solid. 
Figure 5. X-ray diffraction of unpretreated 
and SCW-treated solid. 
Source DF Adj SS Adj MS F-Value P-Value 
Temperature (°C) 2 206.47 103.233 23.69 0.000 
Time (min) 2 160.46 80.230 18.41 0.000 
Pressure (bar) 2 29.86 14.931 3.43 0.053 
Error 20 87.17 4.358     
Total 26 483.95       
Table 2. ANOVA of SCW parameter effect on sugar yield after SCW process. 
Note. The bold letter denoted that the values are significant at 95% confidence level. 
 Bulletin of Chemical Reaction Engineering & Catalysis, 15 (1), 2020, 89 
Copyright © 2020, BCREC, ISSN 1978-2993 
yield of xylose increased first, and then de-
creased gradually. From the result, by increas-
ing reaction time, the biomass solubility in-
creased until reached the maximum liquefac-
tion degree and subsequently degraded. 
At the pressure of 100 bar, all of the SCW 
temperature condition, sugar yield decreased 
notably during 60 min, producing the low sugar 
yield (see Figure 6c). These yield decreases may 
due to the degradation of monomeric sugar ob-
tained after SCW process after treated at the 
severe condition. The monomers are not stable 
under high severity and simultaneously de-
graded, resulting in the formation of fermenta-
tion inhibitors that were not measured in this 
study [19,43]. Degradation products which may 
be found in the hydrolysates during subcritical 
water hydrolysis may include furan-derivatives 
(furfural and 5-hydroxy-methylfurfural (5-
HMF)) emerging from the transformation of 
pentose and hexose sugars found in cellulose 
and hemicellulose fractions, and phenolic-
compounds appearing from lignin degradation 
such as vanillin and syringaldehyde [10,44]. 
Khuwijitjaru et al. [45] revealed that exceeding 
SCW treatment duration resulted in the gradu-
al decrease of the product of coconut meal hy-
drolysis. 
 
3.3 SCW Effect Towards Enzymatic Hydrolysis 
Performance 
Generally, on the enzymatic hydrolysis of 
SCW-treated solid, the sugar yield increased 
significantly from 0 to 4 h of hydrolysis time 
Source Degree of freedom Adj. SS Adj. MS F-Value P-Value 
Temperature (°C) 2 0.4779 0.2389 0.27 0.767 
Time (min) 2 4.8275 2.4138 2.71 0.091 
Pressure (bar) 2 12.4829 6.2414 7.02 0.005 
Error 20 17.7851 0.8893     
Total 26 35.5733       
Table 3. ANOVA of SCW parameter effect on sugar yield after enzymatic hydrolysis. 
Note. The bold letter denoted that the values are significant at 95% confidence level. 
Figure 6. The effect of the operating condition of the SCW process at a constant pressure of (a) 60 bar, 
(b) 80 bar, and (c) 100 bar toward the reducing sugar yield. 
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ganisms. The results show that the amount of 
sugar was affected by the operating condition of 
the SCW process. Analyzed by ANOVA, both 
time and temperature have a significant effect 
on sugar yield obtained following SCW treat-
ment (P > 0.05) (see Table 2). On the contrary, 
pressure has no significant effect on sugar pro-
duction (P < 0.05). These results were an agree-
ment with the previous study using CO2 as 
pressurizing gas [29,30]. Among these factors, 
the pressure is the only factor which does not 
affect the sugar yield. Maintaining high pres-
sure is only intended to avoid phase transition 
during the subcritical condition. Based on this 
analysis, the yield obtained following SCW 
treatment was plotted at constant pressure (see 
Figure 6). 
Figure 6a shows the effect of temperature, 
time and pressure of SCW toward the sugar 
yield obtained after SCW process at a constant 
pressure of 60 bar. As depicted in Figure 6a, 
following pretreated at 150 and 170 °C, sugar 
yield increased remarkably during 40 min of 
reaction time and then decreased significantly 
by prolonging reaction time. On the other 
hand, after pretreated at 190 °C, sugar yield 
decreased significantly after only 20 min of re-
action time. The temperature increase in a 
similar reaction time led to a decrease in sugar 
production. These phenomena revealed that 
the increase/decrease in sugar yield was relat-
ed to the severity condition of the SCW process. 
In the previous work, it has been reported that 
total sugar yield trend in the extracts during 
SCW assisted by CO2 of CCH firstly increased 
under low severity and then decreased sharply 
at high severity [29]. The similar trend of sug-
ar produced was reported by Weiqi et al. [41]. 
Elevating the temperature resulted in a rapid 
decrease of total xylose yield which was at-
tributed to the degradation of xylose into furfu-
ral under critical condition. The highest sugar 
yield by 17.18 % was gained at operating condi-
tion of 150 °C and 60 bar for 40 min which re-
fers to the mild condition of SCW. 
Figure 6b shows the effect of SCW operating 
condition toward the sugar yield at a pressure 
of 80 bar. Heated at 150 °C, the sugar yield ob-
tained after treated at 80 bar had a same trend 
as treated at 60 bar (Figure 6a). On the other 
hand, heated at 170 and 190 °C, sugar yield in-
creased dramatically during the early 20 min 
of reaction and reached the maximum yield of  
13.72 and 8.32 %, respectively. However, pro-
longing the reaction time would decrease sugar 
yield gradually. The dramatical increase of 
sugar yield might be due to fast decomposition 
rate of hemicellulose on the high temperature. 
These phenomena may be attributed to the 
amorphous nature of hemicellulose structure 
[39]. Hongdan et al. [42] reported that by the 
longer pretreatment time from 0 to 40 min, the 
Figure 7. Time course of the sugar yield on enzymatic hydrolysis of SCW-treated solid at operating 
condition of (a) 150, (b) 170, and (c) 190 °C for 40 min. 
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Figure 8. Time course of the sugar yield on enzymatic hydrolysis of SCW-treated solid at operating 
condition of 20 min (a-c) and  60 min (d-f). 
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(see Figure 7). The maximum sugar yield was 
obtained at early 8 h of hydrolysis time and 
then decreased/ tended to be constant exceed 8 
h. The phenomenon was confirmed by Sanchez-
Ramirez [46]. They showed that the enzyme ac-
tivity decreased continually at 60 °C incubation 
after 6 h of enzymatic hydrolysis. 
Figure 7 shows the time course of sugar 
yield on the enzymatic hydrolysis of SCW-
treated solid at various temperature for 40 min 
of SCW reaction time. The figure was plotted 
based on the significance of SCW factor that 
gave a positive impact to the enzymatic hydrol-
ysis. Using ANOVA, it is known that the pres-
sure of SCW gave a significant effect on sugar 
obtained after enzymatic hydrolysis (see Table 
3). As shown in Figure 7(a-c), enzymatic hy-
drolysis of solid which treated by SCW at high 
pressure gave a significant increase in the sug-
ar yield compared to unpretreated solid. Pres-
surized at 100 bar, hydrolysis of the solid treat-
ed at 170 and 190 °C gave the highest sugar 
yield of all SCW treatment conditions. On the 
other hand, treated by low pressure, SCW 
treatment only gave a little increase in sugar 
yield. Sugar yield of solid treated at 60 and 80 
bar have a similar result as untreated solid. 
These results indicate that there was an in-
crease in porosity of lignocellulose structure as 
the pressure increased. This high level of po-
rosity allows more access for cellulase and xy-
lanase enzyme to degrade cellulose and hemi-
cellulose into reducing sugar [47]. Zhang and 
Wu [48] reported in their study that at con-
stant temperature and time, there was an in-
crease in reducing sugar yield obtained after 
enzymatic hydrolysis as the pressure in-
creased. The highest yield of sugar during en-
zymatic hydrolysis was obtained on the solid 
which treated by SCW at 150 °C, 40 min and 
100 bar, yielding reducing sugar of 10.52 %. 
On the SCW reaction time of  20 and 60 min 
(Figure 8(a-f)), enzymatic hydrolysis of SCW-
treated solid at high pressure (100 and 80 bar) 
also gave a significant increase in the sugar ob-
tained compared to treated at low pressure (60 
bar) and untreated solid at various severity 
condition. The lowest sugar yield was obtained 
at the lowest SCW pressure condition. These 
results exhibited a strong effect of SCW pres-
sure that reflect significant positive changes of 
lignocellulose porosity on the direct enzymatic 
hydrolysis in SCW residues of coconut husk 
[47].  
Variable 
SF 
Sugar Yield (%) 
P (bar) T (°C) t (min) SCW Enzymatic Total 
60 150 40 3.07 17.18 6.43 23.61 
80 150 40 3.07 15.67 10.31 25.98 
100 150 40 3.07 10.11 10.52 20.63 
80 150 60 3.25 8.36 5.24 13.60 
80 170 60 3.84 2.86 8.02 10.88 
80 190 60 4.43 1.92 7.58 9.50 
100 190 20 3.95 5.49 7.28 12.77 
100 190 40 4.25 2.34 9.66 12.90 
100 190 60 4.43 1.93 6.55 8.48 
Table 4. Summary of sugar yield on SCW and enzymatic hydrolysis. 
Note. The bold letter denoted the highest value of the same column. 
Pretreatment Operating condition 
Total Sugar 
Yield (%) 
References 
CO2-Subcritical water 208 °C, 200 bar, 30 min 11.70 Prado et al [4] 
N2-Subcritical water 140 °C, 30 bar, 215 min 32.37 Purnomo et al. [50] 
CO2-Subcritical water 250 °C, 200 bar, 30 min 13.50 Prado et al. [26] 
Steam Explosion 150 °C, 30 min, H2SO4 0.1% 23.80 Carvalho et al. [49] 
Liquid Hot Water 190 °C, 45 min 21.00 Sabanci and Buyukkileci [14] 
CO2-Subcritical water 150 °C, 80 bar, 60 min 20.64 Muharja et al. [29] 
N2-Subcritical water 150 °C, 80 bar, 40 min 25.98 This study 
Table 5. Previous research of sugar yield. 
 Bulletin of Chemical Reaction Engineering & Catalysis, 15 (1), 2020, 93 
Copyright © 2020, BCREC, ISSN 1978-2993 
Table 4 shows the summary of sugar yield 
obtained after the process of SCW and enzy-
matic hydrolysis at some severity factor condi-
tions. It can be seen from the data that more 
extreme reaction condition of temperature and 
time of SCW tended to result in lower sugar 
yield after SCW process. In the case of  enzy-
matic hydrolysis, the higher pressure of SCW 
gave a higher sugar yield in the low severity of 
the SCW process. The maximum total sugar 
yield of 25.98 % was obtained at the mild condi-
tion of SCW treatment (150 °C, 80 bar, and 40 
min). This condition was proportional to pro-
duce the optimum sugar yield from both SCW 
and enzymatic hydrolysis.  
In this work, the maximum total sugar yield 
of 25.98 % was higher than the results of vari-
ous hydrothermal treatment method [14] (see 
Table 5). Besides the high yield, this method is 
more environmentally friendly than the meth-
od by Carvalho et al. [49] who used acid cata-
lyst on the steam explosion treatment. Further-
more, the method promises a more economical 
process due to the use of nitrogen as pressuriz-
ing gas in SCW treatment compared to the oth-
er earlier works [4,26,29]. Finally, the result of 
this study is superior compared to the other 
study using N2-assisted subcritical water which 
used the lower operating condition [50]. 
 
4. Conclusion 
Based on the findings reported in this study, 
it can be concluded that SCW assisted by nitro-
gen gas is a viable process to treat lignocellu-
lose waste for biofuel production. This can be 
achieved by adjusting the operating condition 
of SCW treatment (temperature, pressure and 
time) in the mild condition, resulting in the 
best result of total sugar yield for both SCW 
and enzymatic hydrolysis process. The solid 
characterizations confirm that solid decomposi-
tion following SCW treatment assisted by N2 
extremely succeed to boost the digestibility of 
the enzymatic hydrolysis process, which en-
sured the reliability of the process for commer-
cial biofuel production. 
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